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Abstract
The force generated between actin and myosin acts predominantly along the direction of the actin filament,
resulting in relative sliding of the thick and thin filaments in muscle or transport of myosin cargos along actin
tracks. Previous studies have also detected lateral forces or torques that are generated between actin and
myosin, but the origin and biological role of these sideways forces is not known. Here we adapt an actin
gliding filament assay in order to measure the rotation of an actin filament about its axis (“twirling”) as it is
translocated by myosin. We quantify the rotation by determining the orientation of sparsely incorporated
rhodamine-labeledactin monomers, using polarized total internal reflection (polTIRF) microscopy. In order
to determine the handedness of the filament rotation, linear incident polarizations in between the standard s-
and p-polarizations were generated, decreasing the ambiguity of our probe orientation measurement four-
fold. We found that whole myosin II and myosin V both twirl actin with a relatively long (~ µm), left-handed
pitch that is insensitive to myosin concentration, filament length and filament velocity.
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ABSTRACT 
The force generated between actin and myosin acts predominantly along the direction of the 
actin filament, resulting in relative sliding of the thick and thin filaments in muscle or transport 
of myosin cargos along actin tracks.  Previous studies have also detected lateral forces or torques 
that are generated between actin and myosin, but the origin and biological role of these sideways 
forces is not known.  Here we adapt an actin gliding filament assay in order to measure the 
rotation of an actin filament about its axis (“twirling”) as it is translocated by myosin.  We 
quantify the rotation by determining the orientation of sparsely incorporated rhodamine-labeled 
actin monomers, using polarized total internal reflection (polTIRF) microscopy.  In order to 
determine the handedness of the filament rotation, linear incident polarizations in between the 
standard s- and p-polarizations were generated, decreasing the ambiguity of our probe orientation 
measurement four-fold.  We found that whole myosin II and myosin V both twirl actin with a 
relatively long (~ µm), left-handed pitch that is insensitive to myosin concentration, filament 
length and filament velocity.   
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INTRODUCTION 
The swinging lever arm model (1, 2) explains force production and movement between actin and 
myosin II in muscle contraction (3) and also applies to non-muscle myosins (4).  Separate crystal 
structures of myosin and actin docked into cyro-EM maps of actomyosin (5) indicate that the 
lever arm swing is nearly parallel to the axis of the actin filament, thereby efficiently converting 
the free energy released from ATP hydrolysis into motion along the filament.  Even small torque 
components around the filament axis, however, may have biological roles in muscle contraction 
((6), and references therein) or regulation (7).  For processive non-muscle motors, a torque may 
be desirable for navigating cargo around obstacles present in the crowded environment of the cell 
(8-10). 
Several studies have suggested off-axis components to the relative motion between actin 
and myosin.  For example, decreased lateral spacing of the filaments of frog skeletal muscle in 
rigor compared with relaxation was attributed to radial forces between the thick and thin 
filaments (11).  In a modified gliding assay, actin filaments that were selectively immobilized 
onto the slide at their pointed ends formed superhelices that suggested a right-handed component 
of torque generated by myosin II (12).  In standard gliding assays where the filaments are free to 
translocate, a torque component of the cross-bridge force could result in rotation of the filament 
about its longitudinal axis, a motion we term “twirling.”  Actin filaments with marker beads 
attached at their ends showed no twirling on HMM-coated slides (13) while gliding, but when 
the filaments were marked sparsely with fluorescently labeled actin monomers, simultaneous 
twirling and gliding of the filaments was observed by polarized fluorescence microscopy (14, 
15). Symmetries in the fluorescence polarization technique prevented both of those studies from 
determining the handedness of the twirling motion.  
A separate way of gauging sideways motions and possible components of torque between 
actin and processive myosins is to suspend the actin filament above the surface of the 
microscope slide and record the path of a bead being transported by myosin along the suspended 
filament (16, 17). Off-axis force causes the bead to travel in a helical path. In the suspended 
filament assay, myosins V (16) and VI (17) exhibited left-handed and right-handed helical paths, 
respectively.   
  Polarized epifluorescence microscopy (14) and polarized total internal reflection 
fluorescence (polTIRF) microscopy (15, 18, 19) typically use incident and/or detected light 
polarized along the x, y and z axes of the microscope.  In such configurations, rotation of the 
fluorophore, but not its handedness, can be observed because orientations of the fluorophore 
reflected across any of the Cartesian planes give the same fluorescence intensities and thus are 
not distinguishable.  Intermediate excitation or emission polarizations that break these 
symmetries enable the handedness to be recovered (20).  
In the present work, we added extra linear polarizations to the previously reported 
polTIRF technique (18, 19, 21, 22) that are intermediate between those aligned along the 
Cartesian directions.  As a result, there is a four-fold increase in the range of unambiguously 
detected probe orientations. The orientation is then estimated within a hemisphere, the remaining 
two-fold ambiguity being a property of dipolar absorption and emission of light.  
We report twirling and its handedness from gliding actin filaments that are translocated 
by whole myosin II and myosin V. For myosin II, the twirling motion is nearly always left-
handed with an average pitch, i.e. the distance that the filament translocates during one complete 
rotation, of approximately 0.5 µm that is not strongly influenced by myosin concentration, 
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MgATP concentration or filament length in the range studied here.  Twirling by native myosin V 
was also found to be left-handed with an average pitch of 1.7 µm. These values for the twirling 
pitch are much longer and opposite in handedness to the intrinsic pitch of the actin filament. 
Several mechanical effects are discussed that could give rise to filament twirling. The results 
have been presented in abstract form (23). 
METHODS 
Biological Samples 
Proteins, buffers, and slides were prepared as in (19) and (22) with minor modifications.  Briefly, 
whole myosin II was purified from rabbit fast skeletal muscle and stored in 300 mM KCl, 5 mM 
Hepes, pH 7.0, 5 mM NaN3 and 50% glycerol at -20°C (24).  Native myosin V was obtained 
from brains of 1-day old chicks (25). Actin was prepared from rabbit muscle in G-buffer (2 mM 
Tris, pH 8.0, 0.2 mM CaCl2, 0.2 mM ATP, 0.5 mM DTT), frozen in liquid N2, and stored at -
80°C (26).  G-actin monomers were labeled (27) at Cys374 with 5′-iodoacetamido-
tetramethylrhodamine (a gift from J. E. T. Corrie, National Institute for Medical Research, Mill 
Hill, London).  Filaments, sparsely-labeled (~0.05%) with rhodamine-actin, were polymerized 
by mixing labeled and unlabeled monomers, at 1 µM total actin concentration, in F-buffer (50 
mM KCl,
 
2 mM MgCl2, 1 mM EGTA, 10 mM HEPES, pH 7.4) and stabilized with 1.1 µM 
Alexa 647 labeled phalloidin (Invitrogen A22287).   
In order to remove “dead” myosin heads that do not release actin upon binding ATP, a 12 
mg/ml myosin stock was diluted in high salt buffer (500 mM KCl, 10 mM Hepes, pH 7.0, 5 mM 
MgCl2) and combined with a molar excess of actin filaments, 2.5 mM ATP and 5 mM DTT and 
then centrifuged at 200,000 × g for 30 min on the day of each experiment.  The concentration of 
protein retained in the supernatant was then determined by Bradford assay. 
A ~20 µl flow cell was created using a clean quartz microscope slide, glass cover slip, 
and two pieces of double-sided tape.  For myosin II, a 1 mg/ml solution of poly-L-lysine was 
flowed into the cell and incubated for 1 min.  Excess polylysine was rinsed out with 20 µl of 
high salt buffer, and then the myosin, diluted from stock in high salt buffer, was flowed into the 
cell and incubated for 2 min. The following solutions were made in wash buffer (WB: 25 mM 
KCl, 20 mM Hepes pH 7.4, 5 mM MgCl2) and flowed through the cell. 2 × 0.5 mg/ml BSA, 2 × 
5 µM unlabeled sheared actin filaments to block any remaining dead myosin heads, 2 mM ATP 
to dissociate actin from the active heads, and 2 × WB to wash out the free actin and excess ATP. 
Finally, 5 nM 0.05% rhodamine-labeled Alexa 647 phalloidin-stabilized actin filaments and 
motility buffer with 5-20 µM ATP, 50 mM DTT, 5 mM phosphocreatine and 0.4 mg/ml 
creatinephosphokinase were flowed into the cell.  All experiments were performed at 22-23 °C. 
The concentration of myosin II flowed into the cell was equal to 0.03, 0.1, 1, or 3 mg/ml.  
MgATP concentration was varied between 5 and 20 µM, which resulted in filament velocities of 
0.1-0.5 µm/s. For low myosin concentrations (≤ 0.1 mg/ml), 0.1% methylcellulose was added to 
the motility solution to increase filament run length.  Twirling of filaments with variable lengths 
in the range 1-50 µm was determined at concentrations of 0.03 and 0.1 mg/ml.   
Myosin V twirling assays were similar to those with myosin II except for the elimination 
of the centrifugation step to remove dead heads, the inclusion of 0.1 mg/ml calmodulin (28), and 
higher MgATP concentrations (typically 0.5 -1 mM).  For myosin V, experiments were 
performed at 0.26 mg/ml loading myosin concentrations.  
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Experimental Setup  
The polarized total internal reflection fluorescence (polTIRF) setup is described elsewhere (19) 
and (22).  Here we provide a brief explanation and describe modifications that enable linear 
polarizations of the incident laser illumination that are polarized in between the s- and p-
polarization directions, see Fig. 1.   
Two alternating beams from a 532 nm Nd:YAG laser are focused onto a prism such that 
the incident angle (with respect to the z axis, normal to the quartz slide/water interface) is ~ 68°.  
Fluorescent emission is collected by a 100× 1.2 NA water immersion lens, passed through a long 
pass blocking filter and either imaged onto an intensified CCD camera or passed through a 
polarizing beam-splitter onto two avalanche photodiodes (APDs).  Using a Pockels cell (PC0 in 
Fig. 1) and a polarizing beam splitting cube (PBS0), the incident illumination is cycled between 
two paths that are aligned predominantly along the x and y directions and intersect at the sample.   
Four linear polarizations in each beam path (termed s, p, R, and L) are obtained by applying 
different voltages to additional Pockels cell (PC1 and PC2, New Focus Inc) and then passing the 
beam through a Berek variable compensator (BC1, BC2) in each path. With 45° between the 
crystal axis of the PC and the linearly polarized incident light, the PCs produce vertical, 
horizontal or elliptically polarized light depending on the input voltage. The Berek compensator 
acts essentially as a ¼-wave plate to convert the elliptically polarized light to beams linearly 
polarized at any arbitrary azimuth. The bending mirrors used to project the excitation onto the 
sample re-introduce phase shifts and resulting ellipticity into the intermediately polarized (L and 
R) beams. The Berek compensator is adjusted in angle and retardation slightly away from the ¼-
wave setting to correct for these extra phase shifts. The L and R linearly polarized beams are 
obtained by adjusting the PC voltages and the Berek compensators until the beams are linearly 
polarized at angles intermediate (approximately ±45°) between s and p at the entry to the 
coupling prism (CP).  Polarizations are verified with a crossed linear polarizer, which 
extinguishes the beam immediately prior to the final focusing lens (L1).  
Each polarization alternately illuminates the sample for 10 ms in the sequence: s1, p1, p2, 
s2, R1, L1, L2, and R2. The fluorescence emission from a selected rhodamine fluorophore is 
directed through a polarizing beam splitter (PBS1) that separates its x and y components onto 
two APDs (APDx and APDy) for a total of 16 measured intensities (s1Ix, s1Iy, p1Ix, p1Iy, etc…), see 
Fig. 2A.  For imaging of the field, a mirror (RM) is removed so that the fluorescence is projected 
onto the intensified CCD camera.     
The evanescent field generated by the incident p polarized light has a slight (~5%) 
ellipticity in the x-z and y-z planes for beams 1 and 2, respectively, due to the component of 
incident radiation parallel to the reflecting surface.  In addition to this x-z ellipticity under p-
polarized illumination, the L- and R- polarizations in beam 1 have additional ellipticity in the y-z 
plane due to the different phase shifts in the evanescent wave from the s and p components (δs 
and δp, see Appendix A). A similar phase shift holds for elliptical polarizations from R2 and L2. 
As done before with ellipticity induced by p-polarization (19, 22), the ellipticities of L and R 
excitation are included in the analytical equations used to determine the probe orientation.   
Single Molecule Position and Average Filament Velocity 
After mounting the sample slide and adding motility buffer, a 30 s movie of a field of ~20-40 
single rhodamine fluorophores was recorded by the CCD camera to determine the average 
filament speed. MgATP concentration was limited to 5 - 20 µM so that the filaments moved 
slowly enough (0.1-0.5 µm/s) to enable 2-7 s recording of the fluorophore as it passed across the 
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1.8 µm diameter projected spot size of the APDs before photobleaching. A second movie was 
recorded after a series of polarization measurements to verify consistent speeds at the beginning 
and end of the experiment.  Occasionally, the first movie was omitted in order to obtain 
measurements of long filaments, which become shorter due to shearing at high concentrations of 
myosin.  The (x, y) coordinates of the filament were tracked automatically by fitting a 2D 
Gaussian intensity distribution to the image of the fluorophore for each frame. The x-y path of 
the fluorophore was smoothed using a 5-point Savitsky-Golay filter (29), and the filament 
velocity was determined from the path length of 15-30 measurements.  Average filament velocity 
for each slide was obtained from 7-10 filaments.   
Single Molecule Orientation and Filament Twirling 
Prior to recording each polarization trace, two images of the field of candidate fluorophores were 
recorded with the CCD camera, superimposed and displayed on a monitor.  These images used to 
calculate a filament-specific velocity for each fluorophore, which could be used as an alternative 
to the average velocity mentioned above. A molecule was then selected for polarization analysis, 
and centered above the objective by a computer-controlled piezoelectric stage.  The collected 
fluorescent emission was directed away from the CCD and onto the photodiodes by replacing the 
removable mirror (RM in Fig. 1). Thus, during polarization recording, spatial information from 
the fluorophores was not available. 
After a moving rhodamine molecule was selected and centered over the APDs, 125 
cycles of 16 polarized fluorescent intensities were recorded for 10 s.  Typically, the fluorescence 
signal photobleached to the background level in a single step during this 10 s period. For 
occasional double bleaches, presumably arising from two nearby labeled monomers, only the 
single fluorophore region before the final bleach was used for analysis. 
 The orientation of the probe was estimated by fitting analytical equations that predict the 
polarized fluorescence intensities during each complete illumination cycle as described in (19) 
and expanded here to include the L- and R- incident polarizations. Briefly, the raw intensity 
traces are corrected for instrument factors using a calibration procedure ((19) with additional 
terms in Appendix B) and the background is subtracted.  Sixteen intensities (one complete 80 ms 
cycle) are combined in a mathematical model of the probe that describes its 3D orientation and 
rotational motions (see  
Fig. 3A) by approximating it as an electromagnetic dipole that absorbs and emits photons 
preferentially polarized along its dipole axis; see section A of the supplementary material for 
details.  Corrections for partial mixing of the components of polarized fluorescent emission due 
to refraction by the high NA objective are included in the model; see (19, 22) and section E of 
the supplementary material for details. 
The maximum likelihood values for the probe’s 3D orientation and rotational wobble (θ, 
φ, δ, κ) are determined for each 80 ms cycle using a Levenberg-Marquardt C algorithm that 
matches the predicted and measured intensities. κ is an amplitude factor that scales the total 
intensity of the probe to the number of photons collected during each cycle. δ describes wobble 
motions on a time scale faster than measurement time (~10 ms) but slower than the fluorescent 
lifetime of the probe (~ 4 ns).  The parameter describing rotational wobble on time scales faster 
than the fluorescent lifetime, δf, was fixed during the analysis at 22.5° (15).  The angular values 
(θ,φ) in the microscope coordinate frame were rotated into the coordinate frame of the actin 
filament (β,α) using the direction of probe motion from the preceding pair of video frames as the 
polar axis in the actin frame of reference (see  
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Fig. 3B, Appendix C, and (22) for more details). 
Filament Length 
In order to estimate the length of the actin filament, the sample was briefly illuminated with a 
HeNe laser to excite the Alexa 647 labeled phalloidin.  The fluorescent emission was passed 
through a band pass filter (Omega 670DF40) and captured in a single image by the CCD.  The 
Alexa 647 image of the filaments was overlaid with two subsequently acquired images of the 
rhodamine fluorophores to aid in molecule selection. Switching lasers required approximately 1-
2 s so that matching the rhodamine actin with its filament was unambiguous.  Filament lengths 
were measurable for the first 20 min of data recording. The length of the filament was estimated 
in ImageJ (30) by summing short line segments manually selected along the filament contour. 
Filament length could only be determined at low (0.03 and 0.1 mg/ml) myosin concentration due 
to shearing of the filaments, which for high (1 and 3 mg/ml) concentrations occurred within the 
first 1-2 min of adding motility buffer to the flow cell.   
RESULTS 
Myosin II 
Polarized fluorescence intensities from a filament twirling about its axis during translocation 
show prominent oscillations (e.g., Fig. 2A).  When all of the separate polarized fluorescence 
intensities are summed together the resulting total is a constant intensity that bleaches to 
background in a single step (see Fig. 2 in the supplemental material).  Strong variation of the 
polarized fluorescence intensities with constant total intensity is an indicator of probe rotation.  
The intensities of the different channels oscillate with different phases as the rotating probe 
temporarily comes into alignment with the polarization direction of the incident illumination.  
Prior to maximum likelihood analysis, a 5-point running average is applied to the data (solid 
lines in Fig. 2B) in order to remove some high-frequency noise.  The traces and their oscillations 
due to changes in α as the filament translocates are reproduced by the predictions of the fitted 
model (dotted lines in Fig. 2B). 
In a plot of θ vs.φ, actin filaments translocating uniformly (i.e., with constant velocity 
and direction within the x-y plane) that are also twirling with a constant angular velocity show a 
circular pattern that is centered at (90°,φactin), see (Fig. 4 A and B).  φactin is the direction in the x-y 
plane of the filament trajectory with respect to the +x axis.  θ oscillates about 90° because a 
probe that is fixed in a twirling filament will spend half of each rotation pointing above the x-y 
plane and the other half pointing below it.    
For a filament that is uniformly twirling about its axis, β is approximately constant 
between 0° and 90° (Fig. 4C), and α increases (right-handed pitch) or decreases (left-handed 
pitch) linearly in the range -180° < α < 180° (Fig. 4D).  The wobble, δ, of the probe attached to 
actin is noisy (Fig. 4E), similar to results from (15), but it neither exhibits systematic variation 
with α and β, nor prevents determination of the probe orientation, as would be the case if the 
probe could freely rotate about its attachment point, i.e., δ = 90°. A continuous line for α can 
then be obtained by shifting the values after each full rotation (Fig. 4F) by 360°.   
The angular frequency ω of filament twirling is calculated from the slope of the line fit to 
α vs. time.  For the filament in Fig. 2, ω was 0.94 rotations/s and its linear velocity was 0.24 
µm/s. The direction of rotation for α  combined with the direction of motion of the filament, 
allows for determination of the handedness of actin twirling. To be sure of this handedness, we 
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carefully checked the 3D orientation of the fluorescence signals with polarizers that extinguish 
the various polarized incident beams and the sign of the x-y coordinates of the camera images by 
physically moving the stage while observing the video output. The value of the twirling motion 
pitch is given by the ratio of the linear velocity to angular frequency (v/ω), which for the 
filament of Fig. 2 is 0.25 µm.  Simulated polarization intensities of a uniformly twirling filament 
with parameters similar to those in Fig. 4 (β = δ = 45° and ∆α = 3 rotations) are shown for 
comparison to the data in Fig. 1 of the supplemental material.  The traces in Fig. 2 agree quite 
well with the prediction of the simulations despite the simplifications of constant β and δ.  
Twirling assays were performed over a range of myosin and MgATP concentrations; 
however, most data were collected at 10 µM MgATP and 0.1 mg/ml myosin, where filament 
length was also determined.  Recordings were selected for orientation analysis when the total 
intensity (i.e., the sum over both APD signals for each complete cycle plotted as a function of 
time, e.g., Fig. 2 of the supplemental material) prior to irreversible fluorophore photobleaching 
was 1.5 – 2 × the total background intensity (711 out of 3,528 recordings). For further analysis, 
the filaments were required to meet several other criteria: (i) approximately constant rotational 
velocity (i.e., linear fit of α(t) vs. time with |correlation coefficient| > 0.9), (ii) a minimum total 
rotation about the filament axis of 180°, and (iii) a recorded signal duration before bleaching of 
at least 1.6 s.  144 filaments satisfied these criteria.  After checking the 3D orientation results and 
fitted lines for these filaments, an additional 47 filaments were rejected due to apparent large, 
abrupt changes inθ, φ, or β  that were inconsistent with a smoothly twirling filament (see Fig. 3 
and 4 of the supplemental material for examples and more detail on the selection process).  Of 
the remaining 97 filaments, 94 and 3 of the filaments twirled with left- and right- handed pitches, 
respectively.  There was no apparent trend or additional defining characteristic of the rejected 
filaments.  Approximately 450-550 of the filaments had sufficient duration and signal quality but 
did not twirl, thus resulting in a twirling fraction of ~20%.  Nearly all (>95%) of the filaments 
that twirled did so with a left-handed pitch, which is opposite to the intrinsic right-handed pitch 
of actin. 
Excluding as outliers the three filaments that seemingly twirled with opposite pitch, the 
average twirling pitch of -0.47 ± 0.2 µm (mean ± SD, n = 94) is quite long compared to that of 
the long-pitch actin strands (74-76 nm).  The angular velocity of the filaments were correlated 
with their linear velocity (Fig. 5).  If the path of a twirling filament was dictated by structural 
considerations, then the linear and angular velocities would be coupled together in direct 
proportion. The lines fitted to the data at each myosin concentration, however, do not go through 
zero (angular and linear velocity are not directly proportional), suggesting that kinetic aspects 
determine the pitch as well as structural ones.   
As myosin concentration loaded into the flow cell increased from 0.03 to 3.2 mg/ml, the 
velocity of the filaments increased for a fixed MgATP concentration (see Fig. 5 of the 
supplemental material).  Obtaining polarization data from filaments moving faster than ~0.25 
µm/sec (corresponding to >15 µM MgATP and > ~1 mg/ml myosin concentration), however, 
was difficult using the present polTIRF setup.  In order to maximize the time traversing the 
relatively small APDs, lower MgATP concentrations were used at the higher myosin 
concentrations in most of the experiments.  As a result, when the data from Fig. 5 were averaged 
and considered versus myosin concentration, the linear velocity (Fig. 6A) and pitch were fairly 
constant (Fig. 6C).  A slight decrease of the magnitude of the (negative) angular frequency over 
this range (Fig. 6B) is not statistically significantly.     
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At 0.03 and 0.1 myosin concentrations, filament velocity is independent of filament 
length, see Fig 6 of the supplemental material, as reported previously (31).  The twirling 
frequency and pitch are also insensitive to filament lengths longer than ~ 1 µm (Fig. 7). 
Myosin V 
Most of the myosin V data was collected at 500 and 1000 µM MgATP, which corresponded to 
average velocities of 0.14 and 0.22 µm/s.  201 recordings were selected for analysis using 
criteria similar to the myosin II data.  158 filaments met the criteria but did not twirl whereas 43, 
or nearly 20%, showed clear twirling motions.  All but one of the filaments exhibited a left-
handed pitch with a magnitude of 1.7 ± 0.1 µm.  Filament twirling by myosins II and V are 
summarized in Table 1 and also compared with myosin VI data as reported previously (32).  
Fluorescence polarization intensities and probe angles for a typical filament twirling by myosin 
V is shown in Fig. 7 of the supplemental material.  The myosin V data were obtained while the 
setup presented in this paper was under development.  Consequently, only two ±45° 
polarizations (L1 and R1) were available in beam 1, resulting in a total of 8 recorded 
fluorescence intensities.  The angular resolution was limited to one quarter of a hemisphere by 
selecting only those filaments that translocated within ±15° of the x axis, thereby restricting the 
probe angle in the laboratory coordinate frame to -90° <φ < 90° and allowing the handedness of 
uniformly twirling filaments to be determined. 
DISCUSSION 
Angular scope of polTIRF measurements 
Several previous reports (12, 14-17) have indicated that under various conditions, myosin 
isoforms produce a torque either in conjunction with axial force production, or while stepping 
along actin in a helical path.  Our previous work using polarized total internal fluorescence 
(polTIRF) microscopy (15) indicated filament twirling; however, symmetries in the 
measurement of the probe orientation resulted in an ambiguous sign for the azimuthal angle and 
thus did not report the handedness.  These symmetries were broken here by incorporating 
incident polarizations (L and R) that are intermediate between p and s into the polTIRF method 
(20).  The only remaining ambiguity of probe orientation is unavoidable due to its inherent 
dipole symmetry: (θ,φ) is equivalent to (pi - θ, φ + pi).   
Recordings of actin filaments, labeled with rhodamine at Cys374, and gliding under the 
propulsion of myosin isoforms II or V (this work) or myosin VI (32) corresponded to oscillations 
of the probe orientation (θ, φ), which in the actin frame of reference were consistent with a fairly 
constant axial angle β and linearly increasing or decreasing azimuthal α.  This angular response 
of the probe during motility shows that the filament often twirls about its axis during 
translocation, and also confirms that the method, with the additional input polarizations and the 
attendant analysis, resolves the probe orientation within a hemisphere as expected.  Twirling 
generated by myosin II and V has a strong left-handed bias while twirling by myosin VI was 
strongly right-handed, arguing against a dominating experimental artifact, which would likely 
result in twirling with either handedness independent of the myosin isoform.   
Non-twirling filaments 
Similar to earlier reports (16), only ~20% of the filaments translocated by myosin V showed 
clear twirling rotations.  In our twirling assay with myosin II most of the filaments translocated, 
 10 
but only 20% clearly twirled, thus indicating that azimuthal rotation is not necessary for gliding.  
In this work, probe orientation and location were not measured simultaneously; consequently the 
initial direction of gliding was assumed to be maintained during the polarization analysis. If a 
filament were to undergo large, unobserved changes in this motion, such as stopping or turning, 
it would likely be rejected during screening of the filaments.  Such motions, however, are 
unlikely to account for all of the non-twirling filaments since U-turns and stopping events were 
observed for only 10-20% of filaments during a 30 s observation, which is much less than the 
80% of filaments that did not twirl.  Non-twirling filaments were difficult to characterize, but 
they rarely exhibited steady α and β orientations, which would be expected if the filament slides 
perfectly straight or stops moving completely, as is seen when ATP is omitted (15). 
 The suspended-filament bead assay reported earlier for myosin V (16) and VI (17) 
showed that often the motors stepped straight along the filament, rather than in a helical path. 
Thus, both twirling and non-twirling motions are observed in experiments with single motors and 
in gliding assays where multiple motors are involved. 
Handedness of twirling 
Measuring the probe orientation unambiguously for half of a rotation or more allows the 
direction of angular rotation to be determined.  Combining this angular direction with the 
direction of filament sliding indicates the handedness of actin filament twirling; a feature not 
obtained in previous experiments using single molecule polarized fluorescence (14, 15). We 
determined that when filaments twirl by fast skeletal whole myosin II and native myosin V from 
chick brain, they consistently have a left-handed pitch, opposite to the intrinsic right-handed long 
pitch of actin.  Filaments twirled with a relatively long pitch of 0.47 and 1.7 µm for myosin II 
and V, respectively, see Table 1.  We previously reported that myosin VI twirls filaments with 
the opposite, right-handed pitch (32).  Right-handed twirling by myosin VI is not simply due to 
its ‘backward’ pointed-end directed motility, as can be realized by considering a nut twirling on a 
machine screw, where the handedness is the same for tightening and loosening.  Preliminary 
twirling experiments using myosin V with a truncated lever arm, having only 4 calmodulin-
binding IQ motifs, twirls a higher fraction of filaments to the right than full-length myosin V 
with 6 IQ-motifs per head (J. H. Lewis, personal communication).  The truncated lever arm 
results suggest that the handedness is related to the step distance of these molecules. 
Single and multiple molecules of myosin V move a proportion (20%) of bead duplexes in 
a helical path around a suspended actin filament (16) with the same left-handedness and a similar 
pitch (2.2-2.5 µm) as twirling filaments in our gliding assay, pitch ~1.7 µm.  Similar experiments 
with myosin VI (17) gave a right handed pitch, in agreement with the polTIRF twirling assay 
(32), although the pitch of the bead-duplex path was longer (2.2-5.6 µm) than the twirling pitch 
(1.3 ±0.1 µm) in the gliding assay.  Regardless of whether multiple motors, fixed on a 
microscope slide, were translocating actin, or a single motor was stepping along a suspended 
filament, the rotational motion is similar.  This agreement in handedness between the two 
different assays suggests that a similar mechanism underlies torque generation in these two 
geometries.   
Formation of actin filament superhelices by HMM translocating filaments at 1 mM 
MgATP (12) indicate a right-handed torque, opposite to that of the twirling actin filaments 
obtained here.  This discrepancy might arise from the difference in MgATP concentration, which 
was higher in the superhelix experiments and limited in the twirling experiments to produce 
velocities compatible with time resolution and size of the photodetector in the present setup.  
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Another difference is that the supercoiling filaments (12) were specifically attached to the slide 
at their pointed ends and the remaining filament forced to buckle by a track of HMM, created by 
decorating the filament prior to surface attachment. Twirling filaments here were moved by 
myosin molecules randomly distributed on the surface. 
Possible Mechanisms of Twirling 
The mechanisms responsible for twirling filaments are not known, but the experiments presented 
here suggest several possible effects: a torque component to the myosin power stroke (12), (16), 
the step size of myosin relative to the actin filament helix (14, 16), or the drag force of rigor 
heads on the filament.  A torque between myosin and actin could arise if the vector of the myosin 
working stroke is not parallel to the axis of the actin filament, thus resulting in a small angular 
component to the velocity in addition to the linear component.  An estimate of the vectorial 
direction of the working stroke for myosin II can be obtained from crystal structures in the pre-
power stroke position (33) and near the end of the power stroke (34) when both structures are 
docked into cryo-electron microscopy density maps of actin decorated with myosin subfragment 
1 (5). The flexible joint between the light chain domain and myosin rod is located near Lys843 of 
chicken skeletal myosin.  Between the pre-power stroke and the near rigor state of the docked 
structures, Lys843 moves predominantly along the filament axis, but with a slight (~20º) right-
handed tilt relative to the actin axis.  A tilt in the other direction would be required to induce the 
typical twirling pitch we detected in myosin II and V.  Thus the left-handed twirling we observed 
is not explained by the path of the power stroke, unless the docked structures are misoriented by 
at least 20°.  Also, if the torque is generated directly by the working stroke, then a strong 
coupling between linear and angular velocities would be expected in the twirling assay. Our 
measurements show, however, only weak coupling between these two quantities.  
Alternatively, the handedness seen in processive bead assays (16, 17) could arise from 
the interaction between the stride length of myosin and the helical disposition of the actin 
monomers. Actin filaments are torsionally flexible, but often approximated as a 13/6 helix when 
interpreting the path of myosins on actin (16, 17).  The 13/6 index defines an actin filament with 
monomers disposed around the left-handed short-pitch ‘genetic’ helix rotating 6 full turns in 13 
monomers. Starting from the zeroth actin monomer as the origin, the 13th monomer along this 
short pitch helix is located at the same azimuthal orientation around the filament as the original 
one. Each monomer is 360° ·  (-6 / 13) ≈ -166° azimuthally around the short pitch helix (negative 
sign means to the left). The 2nd monomer is positioned at: -166° ·  2 = -332° = 360-332 = 28°, i.e., 
on the right-handed long-pitch strand. On the 13/6 helix, a motor whose stride is 13 monomers 
(~36 nm) would walk straight.  Left-handed rotation would arise if the motor made more 11 
monomer steps than 15, and vice versa for a right-handed helical path.   
Cryo-EM data showing  the spacing of myosin V rigor heads bound to actin (35) 
indicated a distribution of stride lengths spanning mostly 13 monomers, and significant amounts 
of 11 and 15 monomer spans. There were more 15s than 11s, which would imply a bias toward a 
right-handed helical path. Our twirling results and the experiments with suspended actin 
filaments(16, 17), however, show left-handed bias.  
Reference (36) pointed out that this apparent discrepancy would be resolved if the 
filament structure is not a 13/6 helix.  For instance a 28/13 helix, which has been also observed 
(37) has an azimuthal rotation of the left-handed genetic helix of 360° × (-13/ 28) ≈ -167°. The 
13th and 15th actin monomers are positioned at 13° to the left and right of the axial (straight) 
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direction, respectively. Then a motor, such as myosin V, which takes more 13-monomer steps 
than 15s (as shown in the EM distribution of spans (35)) would walk slightly left-handed, as we 
observe.  
Myosin VI adopts a straight or slightly right-handed helical path (17, 32).  This was 
interpreted as indicating an even longer stride than myosin V(16), but it could also indicate the 
presence of much shorter steps, for instance the proper ratio of  6 and 7 monomer steps on a 13/6 
helix (azimuthally oriented at 83° to the left and right, respectively) could also result in a slight 
right-handed helical pitch.  Myosin VI has a very wide distribution of step sizes (32, 38), making 
the azimuthal path of the individual molecules highly variable (32). 
It is less clear how to extend the effect of stride-length to the smaller, non-processive 
steps of myosin II. If they followed the long-pitch actin helix, then myosin II would twirl actin 
with a short right-handed pitch (74 nm) and not the more gradual left-handed motion that is 
observed.  The step-size idea also predicts a strong correlation between linear velocity and 
azimuthal twirling frequency, variables that are only weakly correlated in the data here (Fig. 5).   
An interesting suggestion (A. Vilfan, personal communication) is that left-handed actin 
twirling by non-processive myosin in a gliding assay arises from myosin heads preferentially 
binding to actin monomers that approach at the correct azimuth. This preference arises because 
only a fraction of the monomers, which are helically distributed around the filament, lie within a 
range of azimuthal orientations suitable for binding of myosin (“target zone” (39)).  These 
monomers are presented to the head at regular intervals as the filament translocates above it.  In 
the 13/6 actin helix, if the myosin head binds to the 13 monomer, then the filament would glide 
straight (black arrow in Fig. 8A).  If attachment is very fast, however, then monomers within the 
range of acceptable azimuths (e.g., the hatched area in Fig. 8A) and leading the center of the 
target zone (e.g., number 11) will become the preferred binding site. In a gliding assay the torque 
arises as the left-of-center monomer (monomer 11) is pulled in toward the filament axis during 
the stroke (red arrow) analogous to the mechanism proposed for the processive bead assays (16, 
17).  A prediction of this model is that an experiment at higher ionic strength, which would 
weaken myosin binding to actin, might show straighter or even right-handed twirling.  Higher 
velocity filaments, due to higher MgATP concentrations, might also affect the twirling pitch by 
altering which monomers within the target zone are the most likely binding sites. 
Finally, we consider the drag force of the rigor heads, which are bound tightly to actin, 
and are probably the dominant retarding force on a gliding actin filament at the low MgATP 
concentrations used here. If forward motion of the filament is due to a nearly straight or slightly 
right-handed power stroke (12), then left-handed twirling may result from a drag force due to 
rigor heads pulling backwards but also slightly laterally. Hopkins et al. (40) measured tilting and 
twisting of myosin regulatory light chains in muscle fibers.  They reported a twisting motion of 
the myosin (i.e., the γ angle) when a rigor muscle is allowed to shorten, but no twisting in an 
active muscle.  The analogous drag force of rigor heads in a gliding assay would result in a left-
handed torque to the gliding filament.  In Fig. 8B, the resultant velocity (red arrow) on an actin 
filament is shown as the vector sum of velocities due to the power stroke (black arrow) from 
active heads and drag from strongly attached rigor heads (blue arrow). The rigor-drag hypothesis 
may explain the insensitivity of twirling to filament length and myosin concentration because 
twirling would instead be attributed to the ratio of active and rigor heads along the filament and 
not their absolute number.  Unlike models that explain twirling via a direct structural coupling 
between linear and angular velocity, the rigor-drag hypothesis would predict a larger pitch at 
higher MgATP concentrations because linear velocity would increase as angular velocity 
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decreased (since there are fewer rigor heads bound to actin).  This prediction has not been tested 
critically in this work or previous experiments (14) due to the limited range of MgATP 
concentrations tested.  Since the fraction of heads bound to a filament in the rigor state decreases 
at high MgATP concentrations, the tendency to twirl with a left-handed pitch would be reduced, 
and thus possibly reconcile the difference between the left-handed twirling at low MgATP 
concentrations measured in this work with the experiments by Nishizaka et al. (12) that showed a 
right-handed torque at high (2 mM) MgATP concentration.  
CONCLUSIONS 
PolTIRF has been extended to enable measurement of probe angles within a hemisphere of solid 
angle. It has been used to determine the handedness of twirling actin filaments gliding over a 
surface containing myosin II or V. Approximately 20% of analyzable filaments, translocated by 
myosin II or V, twirled with left-handed pitch. The magnitude of the pitch depends on myosin 
isoform, but for myosin II is insensitive to filament velocity, filament length or myosin 
concentration in the range investigated.  A torque component to the working stroke, the myosin 
stride length, the helical distribution actin monomers, and the drag of rigor myosin heads may 
contribute to the azimuthal force component in a gliding assay, but no single one of these 
influences adequately describes the rotational motions observed. 
SUPPLEMENTAL MATERIAL 
An online supplement to this article can be BJ Online at http://www.biophysj.org. 
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TABLE 
 
Myosin Isoform II V VI 
Myosin, mg/ml 0.1-3.3 0.26 0.26 
Ave. Velocity, µm/s 0.091- 0.61 0.07 - 0.27 0.09 - 0.21 
ATP, µM 5 - 20 10 - 2000 500 - 1000 
Handedness Left Left Right 
Number 94 42 23 
Frequency, rev/s -0.50 ± 0.19 -0.12 ± 0.12 0.14 ± 0.05 
Total Rotation α∆, rev -1.4 ± 0.7 -0.6 ± 0.4 0.7 ± 0.4 
Pitch, µm -0.47 ± 0.19 -1.7 ± 0.6 1.3 ± 0.5 
Probe Angle β, ° 49 ± 19 55 ± 12 54 ± 9 
Slow Wobble δ, ° 48 ± 17 30 ± 13 30 ± 11 
Summary of actin filament twirling by myosins II, V and VI (mean ± SD).  The range of angular 
rotations (α∆) for myosins II, V and VI are -0.5 to -4.4, -0.09 to -1.8, and +0.2 to +2.0 rotations, 
respectively.  ‘Number’ indicates those molecules twirling with the dominant handedness, which 
are the basis for the other average values in the table (see text for details).  A minority of 
filaments (3, 1, and 0 for myosins II, V, and VI, respectively) twirled with the opposite 
handedness, and are not included in the table averages. 
 
FIGURES 
Fig. 1 
At the sample plane, the two incident laser beams alternately propagate nearly along the x (beam 
1) and y (beam 2) axes, illuminating the sample with one of four linear polarizations: s, p, L, or 
R for each path (see inset).  For clarity, a portion of beam 2 is omitted. It reflects from the 
sample interface similar to beam 1, but propagates in the y-z plane perpendicular to the page.   
Beam 1 is focused by a lens (L1) at a glancing angle through a coupling prism (CP) onto the 
sample (SAM) and terminated in a beam dump (BD).  Reflecting mirrors are shown as thick 
black lines.  The 532 laser intensity is controlled by a rotatable half wave plate (HWP) and 
vertical polarizer (P0).  The polarization of the beam is switched between vertical and horizontal 
polarizations by Pockels cell (PC0), passed through a shutter (S) and directed along paths 1 and 2 
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by a polarizing beam splitter (PBS0) and clean-up polarizers (P1 and P2).  The polarization in 
each path is controlled by a Berek compensator (BC1 or BC2) and a second Pockels cell (PC1 or 
PC2), which change the polarization every 10 ms to p, s, L and R. The emitted fluorescence 
intensity is collected by a microscope objective lens, passed through a barrier filter (BF) and 
directed onto either a CCD camera or reflected by a removable mirror (RM) onto two avalanche 
photodiodes (APDx and APDy) that measure the fluorescent intensity polarized along the x and y 
axes by PBS1.  A small fraction of the beam prior to the shutter (S) is directed into a feedback 
circuit (see (19)) that controls the polarization from PC0 in order to maintain high extinction 
between beams 1 and 2. 
 
Fig. 2 
Typical polarized fluorescence intensity data for a single molecule of rhodamine attached to a 
twirling actin filament with 0.1 mg/ml myosin loading concentration, 10 µM MgATP, and 
velocity of 0.24 µm/s along the x-axis. The filament translocated at an angle of -95° (i.e, φactin) 
relative to the positive x-axis. (A) Calibration factors for the 16 recorded intensities have been 
applied to the raw data and the background of each has been subtracted.  (B) The data prior to the 
bleach at ~3.6 s (black triangle, see Fig. 2 of the supplemental material for the total fluorescence 
intensity) is passed through a 5-point (0.4 s) mean filter before maximum likelihood analysis for 
extracting angles.  The resulting intensity calculated from the probe model is in good agreement 
(dotted) with the filtered data (solid).  Peak intensities occur when the probe is aligned with the 
detector and the incident polarization.  Consequently, evidence for twirling of the probe can be 
directly seen in the data as sets of oscillating intensity curves that are out of phase with one 
another.  For example, in this case the data recorded for Beam 1 by APD y shows a pattern of 
sequential peak intensities R1Iy, s1Iy, L1Iy that repeats with each rotation of the probe (see also Fig. 
1 of the supplemental material).  
 
Fig. 3 
Calculations are performed in the microscope coordinate frame (A), where the +z axis is the 
optical axis, pointing toward the microscope objective, and the +x and +y axes are in the plane of 
the quartz/water interface and aligned with the plane of propagation of beams 1 and 2, 
respectively.  The evanescent TIRF field decays in the +z direction.  θ is the polar angle of the 
probe with respect to the +z axis and +φ is the azimuthal angle of the probe around z defined 
positively from the +x axis towards the +y axis.  The extent of fast (δf, not shown) and slow 
wobble (δ) motions are included in the analysis model to account for mixing between the 
polarizations due to motions of the probe on two time scales, both much faster than the twirling 
rate. Twirling is quantified in a frame of reference relative to the actin filament (B) where β is 
the polar angle of the probe with respect to the forward moving end of the actin filament axis and 
α is the azimuthal angle around the filament axis. 
 
Fig. 4 
For each complete cycle of the polarization data in Fig. 2, the maximum likelihood angle in the 
microscope frame (θ,φ) and actin frame (β,α) are plotted.  Twirling is seen in the microscope 
frame either (A) as oscillations in time of θ and φ or (B) as a circle when plotted as θ vs. φ (open 
circle is t = 0 s).  In the actin frame twirling is indicated by (C) a relatively constant β, here equal 
to ≈ 40°, and (D) saw-tooth shape for α(t).  (F) When α(t) is shifted by 360° after each rotation, 
the saw-tooth becomes a straight line with slope ω equal to the twirling frequency, here ≈ -0.94 
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rev/s.  The direction of translocation (along the + x-axis) is required for determining the 
handedness of the twirling motion; left- and right-handed are depicted here by a negative and 
positive slope for α(t), respectively.  The slow wobble cone (δ) of the probe is ~ 45°.  
Approximately half of the twirling filaments have traces similar to the quality shown here.  
 
Fig. 5 
Angular frequency versus average filament velocity with linear fits (solid) and 95% confidence 
interval (dashed) for the fitted lines for (A) 0.03, (B) 0.1, (C), 1.0, (D) 3.2 mg/ml myosin II 
loading concentration.  Filled points correspond to left-handed twirlers (negative angular 
frequency).  Open points, which are not included in the fit, correspond to right-handed twirlers 
(positive angular frequency). 
 
Fig. 6 
Average values and linear fits (solid) for (A) velocity, (B) angular frequency, and (C) pitch 
computed at each myosin concentration (from the data in Fig. 5) with error bars determined by 
the bootstrap method (29).  Negative values of angular frequency indicate left-handed rotation in 
the actin reference frame.  The magnitude of the twirling frequency decreased with increasing 
myosin concentration while the velocity of the filaments was relatively constant.  Predictions 
(dashed) in each panel are calculated from the fits of the other two panels using the relation λ = 
v/ω and are in approximate agreement with their respective fits. 
 
Fig. 7 
Average (A) velocity, (B) angular frequency, and (C) pitch as a function of filament length at 
0.03 (gray) and 0.1 mg/ml (black) loading concentration of myosin with linear fits (solid) and 
95% confidence interval of the fit (dashed). 
 
Fig. 8 
Two models for actin twirling: (A) Target zone model. Monomer 11 of the translocating actin 
filament (gray cylinder, pointed-end up) enters the target zone (shaded) of the myosin head 
(black dot) before monomer 13 and therefore binds more rapidly to myosin, despite lying slightly 
off the filament axis.  Twirling of the filament occurs during the power stroke as monomer 11 is 
pulled predominantly along the direction of filament motion, but also in toward the filament axis 
(red arrow).  Myosin attachment to on-axis monomer 13, however, would translocate actin 
during the power stroke without twirling the filament (black arrow).  For convenience, 
monomers are labeled relative to a supposed previous binding site one helical repeat away at 
monomer 0 along the 13/6 actin helix. (B) Rigor drag model: Hypothetical motions for myosin 
attached to actin are shown by arrows at a possible binding site along the actin helix.  The 
motion due to the power stroke of the myosin heads attached to actin (solid black) is mostly 
along the z-direction, but may also apply a slightly right-handed torque (5, 12).  The drag due to 
the rigor heads attached to actin (blue) retards the linear motion, but instead of acting along the 
same direction as the power stroke (dotted black), it is sufficiently skewed to cause the resultant 
motion (red) to be slightly left-handed. 
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